Abstract
Introduction
Xenogeneic transplantation is the transmission of organs, tissues or cells across species. It is thought to be a reasonable option solving the dramatic lack of donor organs in allogeneic transplantation. However, depending on the phylogenetic difference between donors and recipients, mostly immunological hurdles need to be overcome for successful xenogeneic transplantation [1] [2] [3] .
Xenotransplants undergo hyperacute rejection within minutes due to preformed natural antibodies in the recipient directed against donor antigens, which leads to the activation of complement followed by the destruction of the endothelium [4] . This disintegration of the endothelium causes massive oedema and interstitial haemorrhage [4] [5] [6] . Additional activation of the coagulation system enforces a pro-coagulant state with intravascular thrombus formation, subsequent tissue infarction and loss of graft function [7, 8] . So far, these pathophysiological features of hyperacute rejection following xenogeneic transplantation have only been reconstructed indirectly by histological analyses of rejected xenografts [9, 10] . Direct in vivo analyses of microvascular dysfunction during ischaemia/reperfusion injury and hyperacute rejection after xenogeneic transplantation have not been reported. In particular, intravital analyses of leukocyte-and platelet-endothelial cell interactions in cardiac xenografts have not been performed so far.
In this study, we therefore established and validated an experimental model for direct intravital microscopic analyses of the subepicardial coronary microcirculation in xenogeneically transplanted rodent hearts.
Materials and Methods

Animals
Syrian golden hamsters (Charles River, Sulzfeld, Germany) and Lewis rats (Charles River) were used as donors and recipients, respectively. The animals were kept in a 12-hour light and dark cycle and had free access to standard pellet food and tap water. All experiments were performed in accordance with the legislation on the protection of animals and were approved by the Governmental Ethical Committee for Animal Experimentation. For all surgical interventions, anaesthesia was induced by an i.p. injection of 60 mg/kg body weight of pentobarbital sodium (Merial, Hallbergmoos, Germany). Analgesia was applied by intermittent intramuscular bolus injection of 15 mg/kg piritramide (Janssen-Cilag, Neuss, Germany). Animals were placed on a heating pad to maintain a body temperature of 37 ° C. Animals were sacrificed after experimentation in deep anaesthesia by midline sternotomy and diaphragmatomy.
Heterotopic Cardiac Xenotransplantation
Heterotopic heart transplantation to the cervical vessels was performed as previously described [11] . Briefly, in Lewis rats (recipients), the right jugular vein and common carotid artery were dissected free through a right paramedian incision at the ventral aspect of the neck. The vein and artery were ligated just below the mandible and bifurcation. Microhaemostats were utilised to clamp the carotid artery and jugular vein at the most proximal sites. Polyethylene cuffs of approximately 2 mm length and 0.8 and 1.2 mm in diameter for the arterial and venous cuffs, respectively, were fixed onto both vessels ( fig. 1 ). Systemic heparin treatment was not used. In anaesthetised hamsters (donors), a midline laparotomy was performed. After ligation of the large splanchnic vessels, the intraabdominal aorta was cannulated with a polyethylene catheter (0.8 mm outer diameter) to prepare for subsequent cold organ perfusion. Heparin sulphate (100 units in 500 μl phosphate-buffered saline) was slowly injected into the donors' inferior vena cava. After 2 min, the inferior vena cava was incised, and perfusion of the heart via the aortic cannula with ice-cold Bretschneider HTK solution (100 cm H 2 O, Dr. F. Köhler Chemie, Bensheim, Germany) was started immediately. This was followed by incision of the diaphragm. After 10 min of cold perfusion, a midline sternotomy was performed and the ascending aorta was mobilised and transsected at the origin of the brachiocephalic trunk, just prior to the aortic arch. The pulmonary trunk was also mobilised and transsected at the bifurcation. Pulmonary and caval veins were collectively ligated by a single mass ligation at the dorsum of the heart and transsected distally. Thus, the donor heart was harvested along with the proximal portions of both great vessels and stored in ice-cold Bretschneider solution until grafting. The arterial and venous cuffed ends of the recipient right carotid artery and jugular vein were introduced and fixed by ligatures into the ascending aortic and pulmonary trunk of the donor graft, respectively. Great care was taken to avoid any manipulation of the epicardial surface during the surgical procedures. Reperfusion of the graft was allowed by removal of the microhaemostats on the recipients' right common carotid artery and jugular vein. All transplantations were performed at 10: 00 a.m. by one experienced microsurgeon. The experimental design was approved by the District Government of Upper Bavaria (Application No. 55.2-1-54-2532-29-11).
Intravital Fluorescence Microscopy
The methodology for intravital fluorescence microscopy (IVM) of the subepicardial microcirculation in heterotopically transplanted mouse hearts has been described in detail previously [12] . Contrast enhancement with sodium fluorescein (molecular weight 376 Da, 0.1 mg i.v., Sigma Chemical Co., St. Louis, Mo., USA) and green-light epi-illumination (450-490 nm excitation wave length, >520 nm emission wave length) were used to determine microvascular diameters (in μm), red blood cell flow velocities (in mm/s) and volumetric blood flow (in pl/s). Leukocyte-and platelet-endothelial cell-adhesive interactions were visualised after i.v. application of rhodamine 6G (molecular weight 479 Da, 2 mg i.v., Sigma Chemical Co.) and by use of blue-light epi-illumination (530-560 nm excitation wave length, >580 nm emission wave length). Rolling leukocytes and platelets were defined as fluorescent cells rolling along the endothelial microvascular surface in postcapillary venules. For quantification, numbers of rolling leukocytes and platelets were counted within a defined postcapillary venular segment during 30 s and were expressed as cells/min/mm 2 endothelial surface. Firm adhesion of leukocytes and platelets was determined by counting the number of fluorescently labelled cells remaining firmly attached to the endothelial surface within a venular segment for at least 30 s and was expressed as cells/mm 2 endothelial surface. Leukocytes (approx. 8-10 μm) and platelets (approx. 2 μm) were differentiated by size properties. All microcirculatory parameters were measured in 3 different areas of the right ventricular subepicardial coronary microcirculation per graft at 30 and 90 min of reperfusion. 
Histology
After experimentation, native recipient Lewis rat hearts and transplanted hamster xenografts were harvested and fixed in 4% formaldehyde prior to paraffin embedding. Routine hematoxylin-eosin (HE) staining was performed on 3-5 non-sequential central sections of each native rat heart and transplanted xenograft. Experimental hamster-to-rat xenograft rejection was analysed by two independent investigators blinded to the experimental protocol grading the histological alterations of monomorphonuclear cell infiltrates, haemorrhage, the numbers of completely obliterated vessels and loss of cell integrity into 0 = none, 1 = mild, 2 = moderate or 3 = severe. Native recipient hearts were analysed accordingly.
Blood Samples
Approximately 2 ml of blood were drawn from the caudal vena cava in all transplanted recipients after explantation as well as in naive control rats for serum analyses, blood cell counts and coagulation parameters.
Recipient Sensitisation
In a separate group, rat recipients received an i.v. injection of 1 ml hamster whole blood 7-10 days prior to the xenogeneic heart transplantation in order to allow the formation of donor-specific antibodies to mimic a completely discordant setting [13] .
Experimental Groups
For IVM analyses, 12 transplantations were performed (n = 12; group 1). Separate transplantations (n = 5; group 2) were performed without IVM, and the recipients' neck skin was closed immediately after onset of reperfusion. In this semi-discordant setting, animals were allowed to recover from surgery, and graft survival was monitored twice a day by inspection and palpation of the graft under the covering neck skin. Rejection was defined as complete cessation of palpable graft contractions and fibrillations. Recipient sensitisation and subsequent transplantation (n = 5; group 3) was performed in order to monitor xenogeneic graft survival in a completely discordant transplant setting. Transplanted hamster xenografts and recipient rat native hearts were harvested and histologically analysed after IVM in group 1 as well as after complete rejection in groups 2 and 3. Blood samples were drawn prior to organ harvest in all groups and in an additional set of naive rats for control (n = 8; group 4).
Statistics
Data are given as mean values ± standard error of the mean (SEM) and n indicates the analysed sample size per group. Statistical differences were calculated using the Mann-Whitney rank-sum test and appropriate post hoc testing for multiple comparisons (SigmaStat Software, Jandel Scientific, USA). Differences were considered significant at p < 0.05.
Results
Heterotopic Cardiac Transplantation
Heterotopic cardiac transplantation was successfully performed in approximately 90% of cases showing macroscopically spontaneous injection of blood flow into the coronary vessels immediately after removal of the haemostats from the recipients' common carotid artery and jugular vein. Two experiments were excluded from the study due to acute bleeding complications, and in 2 cases, IVM images could not be obtained due to respiratory failure and death after the 30-min IVM analysis.
Xenograft Survival
Heterotopically transplanted hamster hearts (group 2) were viable for 3.2 ± 0.2 days in naive rat recipients. In sharp contrast, hamster hearts transplanted under completely discordant conditions, namely into sensitised recipients, were hardly functional at all. Rather, upon reperfusion, they were swelling immediately, changed colour to dark purple and lost any detectable contractions or fibrillations within 14.8 ± 2.8 s upon declamping.
Intravital Fluorescence Microscopy
Due to the fulminant rejection in the completely discordant setting (group 3), IVM could only be performed in hamster hearts transplanted into naive rat recipients (group 1). IVM allowed a detailed visualisation of the right ventricular subepicardial coronary microcirculation, including feeding arterioles, nutritive capillaries and draining postcapillary venules ( fig. 2 ). Arterioles were inconstantly found solely close to the atrioventricular transition, were penetrating into the deeper myocardial layers thereafter and were not accessible for standardised IVM analysis. Leukocytes could be thoroughly differentiated from platelets because of their markedly bigger size ( fig. 2 ) . The off-line-determined quantitative IVM data are shown in table 1 .
Analyses of microhaemodynamics showed an increase in both red blood cell flow velocities and volumetric blood flows between 30 and 90 min of reperfusion. However, only the difference in red blood cell flow velocities was statistically significant.
Postischaemic inflammation, as indicated by leukocyte-endothelial cell-adhesive interactions, i.e. rolling and firm adhesion, in the coronary postcapillary venules increased during reperfusion ( table 1 ) . In contrast to the leukocyte behaviour, platelet-endothelial celladhesive interactions (both rolling and firm adhesion) decreased during reperfusion. The differences in leukocyte-and platelet-endothelial cell-adhesive interactions between 30 and 90 min of reperfusion were not statistically significant. Both leukocyte and platelet rolling velocities increased slightly but not statistically significantly during IVM observations.
Blood Analyses
Results of blood analyses of all transplanted animals showed increased levels of creatinine kinase, troponin and myoglobin compared to the untreated control group, i.e. naive control rats not subjected to cardiac transplantation. There was no statistically significant difference between the transplanted animals in groups 1-3 ( table 2 ) .
Histological Analyses
Histopathological findings were weak in hamster xenografts harvested immediately after IVM and after hyperacute rejection in sensitised rat recipients, i.e. groups 1 and 3 ( table 3 ) . In contrast, rejected hamster xenografts harvested from naive, non-sensitised recipients showed marked loss of cellular integrity, monomorphonuclear cell infiltrations and haemorrhage ( fig. 3 ) . Thrombotic microvascular occlusions were rarely found in any group. As expected, native control rat heart specimens were virtually devoid of any histopathological alterations ( table 3 ) .
Discussion
The shortage of donor organs for allogeneic heart transplantation leads to prolonged waiting times and is associated with a high mortality rate for patients on the waiting list [1] . As xenogeneic transplantation could potentially solve the organ shortage in cardiac transplantation, special interest lies in overcoming the mechanisms of xenograft rejection [2, 3] . Several innovations, like genetically modified donor animals [14] , achieved increased longterm survival in preclinical xenotransplantation models [15] [16] [17] . Yet, cardiac xenotransplantation is still far from being established clinically [18] .
It is known that microvascular changes during the early reperfusion of the xenogeneic transplanted cardiac grafts lead to hyperacute rejection. This is characterised by endothelial damage causing interstitial haemorrhage and oedema formation as well as coagulation disorders leading to intravascular thrombosis and consecutive infarction [8] . To date, however, no intravital visualisation of hyperacutely rejected cardiac xenografts has been IVM of the right ventricular subepicardial coronary microcirculation was performed in hamster xenografts transplanted into naive, non-sensitised rat recipients (group 1) at 30 and 90 min of reperfusion. Red blood cell flow velocity, volumetric blood flow as well as leukocytic and thrombocytic endothelial cell interactions were determined off line from IVM images with a computer-assisted image analysis software. Data are mean values ± SEM and n represents the number of analysed experiments at each time point. # p < 0.05 vs. 30 min.
reported. In contrast, the pathophysiological mechanisms of xenogeneic hyperacute rejection have been extrapolated only indirectly from histopathological studies at most. For the first time, we herein used IVM to visualise microcirculatory dysfunction and inflammation directly in the subepicardial microvasculature of transplanted cardiac xenografts. The principle technique has already been proven to be a very valid approach to monitor ischaemia/reperfusion injury and rejection in allogeneic experimental transplantation [12, 19, 20] .
The experimental transplantation setting we used herein is an established heterotopic cervical cardiac transplantation model using a cuff technique in rodents [11, 12] . This offers an easily applicable transplantation model with excellent access to the transplanted graft for IVM [12, 19, 21] . Blood results of hamster-to-rat cardiac xenotransplantation in group 1 after 90 min IVM, in group 2 after long-term survival and in group 3 after sensitisation. Different sample numbers are caused by problems in laboratory analyses. Data are mean values ± SEM and n represents the number of analysed experiments at each time point. CK = Creatinine kinase; Trop. = troponin; Myo. = myoglobin; Leu. = leukocytes; Ery. = erythrocytes; Hb = haemoglobin; Throm. = thrombocytes; INR = international normalized ratio; aPTT = activated partial thromboplastin time; Fibr. = fibrinogen; AT = antithrombin. # p < 0.05 vs. control. The strain combination of Syrian golden hamsters as donors and Lewis rats as recipients offers an acknowledged semi-discordant xenotransplantation setting [13] . To achieve a completely discordant transplantation setting, we performed a pre-sensitisation by injection of donor whole blood to the recipients 10 days prior to transplantation, as this protocol has been effectively described previously [13] . Thus, anti-hamster antibody production in the rat recipients is induced. Our data show that this protocol provokes highly effective hyperacute rejection of cardiac xenografts. In fact, xenograft survival in sensitised rat recipients is only marginal with complete rejection occurring within seconds of the beginning of reperfusion. Further, our data indicate the lack of preformed anti-donor antibodies in naive rat recipients, as survival times of semi-discordant cardiac xenografts in non-sensitised rat recipients were significantly higher with complete rejection within days after transplantation. These data are comparable to results reported by others [22] [23] [24] . Nevertheless, transplantation of hamster hearts to non-sensitised rat recipients in the semi-discordant setting is in fact a relevant model for xenotransplantation studies, as the survival times are significantly lower when compared to allogeneic rat-to-rat transplantation, which are reported to be around 20 days, depending on the strain combination [25, 26] .
In view of these observations and due to the rapid destruction of cardiac xenograft function in sensitised rat recipients, intravital microscopic assessment of microvascular dysfunction and inflammation could not be performed in this group. The rapid cessation of perfusion did simply not allow to dynamically follow the microvascular mechanisms of hyperacute rejection in these animals. As such, IVM images and data could only be obtained in the semi-discordant setting of cardiac xenotransplantation. The dynamics of postischaemic microvascular perfusion characteristics, i.e. red blood cell flow velocities and volumetric blood flows, indicate reactive hyperaemia during early reperfusion of cardiac xenografts. The detection of reactive hyperaemia validates our experimental protocol for future IVM assessments of the xenografts' microcirculation addressing dynamic vasoreactivity changes during later reperfusion phases. In fact, prolonged reperfusion injury and the no-reflow phenomenon may hamper later adequate graft perfusion, as it has been observed in experimental cardiac allografts [19] .
In this study, IVM also revealed an increased interaction of leukocytes with the endothelium indicating postischaemic inflammation. Both rolling and sticking increased after 90 min of reperfusion when compared with 30 min after reperfusion. In contrast, platelet-endothelial interactions were reduced during the observation period, leading to less sticking and rolling in postcapillary venules after 90 min of reperfusion. The reasons for these findings remain elusive. The finding of platelet-endothelial cell interactions in postcapillary coronary venules suggests a novel mechanistic aspect in xenogeneic graft destruction, as it has been widely accepted that thromboembolic occlusion of the arteriolar bloodstream leads to infarction and tissue destruction. This is obviously different to allogeneic cardiac rejection, during which such platelet interactions were not observed [19] .
Analyses of peripheral blood probes showed increased myocardial markers in all transplanted animals. However, increased troponin levels in the IVM group are most likely caused by cardioplegic arrest and ischaemia/reperfusion injury, whereas increased troponin levels after long-term survival might rather be due to acute rejection and associated myocardial cell injury. The increased myocardial enzyme levels after hyperacute rejection in pre-sensitised recipients appeared too quickly to be explained by ischaemia/reperfusion injury alone. We concluded that this is an expression of massive donor-specific antibody-mediated myocardial cell injury.
Increased circulating leukocyte levels in the survival group may reflect ongoing acute cellular rejection of the xenograft. Increased fibrinogen and antithrombin III levels underline the inflammatory process during rejection.
Histological examination of the transplanted cardiac xenografts demonstrated only weak alterations after 90 min of reperfusion with or without pre-sensitisation. Only the xenografts which were functional for 3 days showed marked histological alterations. Surprisingly, intravascular thrombus formation was rarely seen in all groups. In particular, we did not find intravascular thrombi in the pre-sensitised transplantation group, where xenografts seemed to be hyperacutely rejected within seconds. These data indicate that the myocardial damage during hyperacute cardiac xenograft rejection is rather functional and cannot be detected in histopathological tissue structures at early time points.
Taken together, the experimental approach described in this study is a valid model for direct analyses of microvascular dysfunction, rejection and inflammation in cardiac xenotransplants. Future studies will aim to elucidate the cellular and molecular mechanisms of xenograft rejection in more detail, e.g. by targeting adhesion molecules.
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